Abstract. Current therapy for rheumatoid arthritis (RA) relies on global suppression of the immune response or specific blockade of inflammatory cytokines. However, it is unclear how immunosuppressants affect patients with cancer. Therefore, in the present study, the effect of three biological agents, tofacitinib, anti-mouse IL-6 receptor antibody (MR16-1) and etanercept, which are used for the treatment of RA diseases, on a tumor-bearing mouse model was investigated. The effect of the three agents was examined using a mouse lung-metastasis model with the murine colon 26 cancer cell line. Lymphocyte subsets and natural killer (NK) cells in peripheral blood and spleen were analyzed using fluorescence-activated cell sorting, and the number of lung surface nodules was examined. In the continuous tofacitinib administration (15 mg/kg/day) group, the number of lung surface nodules was significantly increased compared with that of the vehicle-treated group (vehicle, 1.20±0.58; tofacitinib, 35.6±10.81; P<0.01). NK cell number in the blood and spleen of tofacitinib-treated mice was decreased 10-fold, and the percentage of cluster of differentiation (CD)11 + CD27 -NK cells was significantly reduced. MR16-1 [8 mg/mouse; once a week; intraperitoneal (i.p.)] or etanercept (1 mg/mouse; 3 times a week; i.p.) treatment did not affect the number of NK cells or lung metastasis. In the present study, immunosuppressants that target cytokines, including tofacitinib, were demonstrated to inhibit the proliferation and differentiation of NK cells, and exhibit the potential to promote cancer metastasis using a mouse model of lung metastasis.
Introduction
Immune cells are associated with carcinogenesis, tumor growth, invasion and metastasis. Natural killer (NK) cells in particular serve an important role in immune surveillance, and are generally accepted as a beneficial cell population for anti-tumor immunity (1) . Several studies have reported that depletion of NK cells causes increased survival of circulating tumor cells, resulting in enhanced cancer metastasis (2) (3) (4) (5) . In addition, it has been suggested that a favorable prognosis is associated with the extent of NK cell infiltration into the tumor in patients with gastric cancer or colorectal cancer (6, 7) . Therefore, inhibition of NK cell activity may promote cancer metastasis through a decrease in the number of NK cells.
In addition, cluster of differentiation (CD)4 + and CD8 + T cells, which are specific for tumor-associated antigens, serve important roles in antitumor immunity (8, 9) . CD4 + T cells serve an important role in generating effective immune responses by stimulating CD8 + T cell proliferation and establishing long-lived functional T cell memory (8) . It has been reported that CD4 + T cell can enhance CD8 + T cell recruitment and infiltration into tumors (8) . Similarly, several reports have suggested that the infiltration of CD8 + T cells is associated with a better prognosis in colon cancer (10) .
Several inflammatory cytokines, including tumor necrosis factor (TNF)-α and interleukin (IL)-6, serve important roles in the development and progression of rheumatoid arthritis (RA) (11, 12) . Thus, TNF-α inhibitors, including etanercept and the anti-IL-6 receptor (IL-6R) antibody (Ab) tocilizumab are efficacious RA treatments (13, 14) . Additionally, the novel small-molecule Janus kinase (JAK) inhibitor tofacitinib, suppresses several cytokine signals, including IL-2, -4, -6, -7 and -15. Therefore, it is also effective for the treatment of RA (15, 16) .
There are concerns about the potential increase in cancer risk associated with certain RA drug treatments, but these possibilities remain to be demonstrated. Therefore, in the present study, the effect of tofacitinib, the anti-mouse IL-6R 
Materials and methods
Laboratory animals. Female Balb/c mice were obtained from Charles River Laboratories Japan, Inc. (Yokohama, Japan). The mice were housed under specific-pathogen-free conditions and were used in experiments at 6 weeks of age. The mean weight of mice was 20.5 g (20.3-20.8 g). In total, 32 mice were used for each experiment (a total of 96 mice were used in the present study). Mice were housed in cages and received standard mouse chow (CRF1; Oriental Yeast Co., Ltd., Tokyo, Japan) and water ad libitum. The environment was maintained between 23 and 24˚C with a time-regulated light period between 8 a.m. and 8 p.m. Experiments were conducted in accordance with the institutional Ethics Guidelines of Fukuoka University in Japan (Fukuoka, Japan). The present study was approved by the Fukuoka University Animal Experiment Committee (approval no. 1404735).
Cell line. The mouse rectal colon 26 (C26) cancer cell line, was obtained from the RIKEN BioResource Center (Tsukuba, Japan). C26 cells were maintained in RPMI-1640 medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin (all from Thermo Fisher Scientific, Inc., Waltham, MA, USA). C26 cells were incubated at 37˚C in air containing 5% CO 2 .
Experimental metastasis assay. On day 0, the mice were treated with each agent (tofacitinib, MR16-1 or etanercept) as described subsequently. C26 cells were suspended in sodium bicarbonate-free RPMI-1640 (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). A single injection of C26 cells (1.0x10 4 cells/mouse) was injected into mice via the lateral tail vein on day 3. On day 14, the mice were sacrificed by removal of blood from caudal vena cava under isoflurane anesthesia (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Blood was subsequently collected from the vena cava, and the spleen and lung were resected. The spleen was dispersed in PBS and contaminated red blood cells were lysed with lysing solution (BD Pharm Lyse; BD Biosciences, Franklin Lakes, NJ, USA). The total number of leukocytes in a splenocyte suspension and a whole blood sample were counted using an automatic cell counter (Nihon Kohden Corporation, Tokyo, Japan). Each lung was then weighed and placed in Bouin's solution (Wako Pure Chemical Industries, Ltd.) for ≥24 h, and the number of surface nodules was then counted using a light stereo microscope (magnification, x10; SW-301; Wraymer Inc., Osaka, Japan).
Treatment of all mice groups. For each experiment with tofacitinib, MR16-1 or etanercept, the mice were divided into the following four groups (n=8 per group): No agent + no cancer cell group; no agent + C26 cell injection group; vehicle/control + C26 cell injection group; and agent + C26 injection group. The vehicle/controls used were poly (ethylene glycol) 300 (PEG300; Wako Pure Chemical Industries, Ltd.), rat immunoglobulin G (IgG) and human IgG (both from MP Biomedicals, LLC, Santa Ana, CA, USA) for tofacitinib, MR16-1 and etanercept, respectively. The dose of each treatment was determined as the effective dose reported on a collagen-induced arthritis model in previous studies (17) (18) (19) .
Tofacitinib treatment. Tofacitinib (Selleck Chemicals, Houston, TX, USA) was dissolved in a sterile solution of PEG300, as used previously (18) . Mice in the tofacitinib and vehicle treatment groups were anesthetized with isoflurane, and their dorsal surface was shaved 1 day prior to pump insertion. On day 0, a subcutaneous pocket was created under anesthesia with isoflurane, and an ALZET Mini-Osmotic Pump (model 2002, release rate 0.5 µl/h; Durect Co., Cupertino, CA, USA) was then inserted to deliver tofacitinib at a dosage of 15 mg/kg/day, or PEG300 as a control, as previously described (18) .
MR16-1 treatment.
As tocilizumab is an anti-human IL-6R Ab, it does not cross-react with murine IL-6R (20) . Therefore, in the present study MR16-1 [obtained from hybridoma, established and gifted by Chugai Pharmaceutical Co., Ltd., Tokyo, Japan (20)], a specific rat anti-mouse IL-6R Ab, was used instead of tocilizumab. An intraperitoneal (i.p.) dose of 10 mg/ml MR16-1 in PBS or rat IgG (cat. no. 55951; MP Biomedicals, LLC) of 8 mg/mouse was injected once a week.
Etanercept treatment. Etanercept is a human TNF receptor-Fc fusion protein that inhibits TNF-α function of humans and mice (17) . Etanercept was purchased from Pfizer, Inc. (Tokyo, Japan). Etanercept or human IgG (cat. no. 55908; MP Biomedicals, LCC) (1 mg/mouse, 3 times a week) was injected i.p. in mice.
Flow cytometric analysis. Splenocyte suspension was incubated with the Fc-receptor-blocking antibodies anti-CD16 and anti-CD32 (BD Biosciences) and then stained for 30 min with fluorescent antibodies (Table I) at 4˚C. Blood sample was incubated with the Fc-receptor-blocking antibodies anti-CD16 and anti-CD32 (BD Biosciences) and stained with fluorescent antibodies (Table I) for 30 min at room temperature. Red blood cells were then lysed with lysing solution (BD Pharm Lyse; BD Biosciences). Following antibodies (all from BD Biosciences): Fluorescein isothiocyanate (FITC)-conjugated anti-CD3, phycoerythrin (PE)-conjugated anti-natural killer cell p46-related protein (NKp46), allophycocyanin (APC)-cyanine (Cy)7-conjugated anti-CD11b, APC-conjugated anti-CD27, PE-Cy7-conjugated anti-granulocyte-differentiation antigen-1 (Gr1)/Ly6 G and 6c for analysis of NK cell populations; and FITC-conjugated anti-CD3, APC-conjugated anti-CD4, PE-conjugated anti-CD8 and PE-Cy7-conjugated anti-CD19 were used for analysis of lymphocyte populations. Manufacturer-recommended isotype controls were used for each antibody. Antibodies used for FACS in the present study are summarized in Table I . The frequency of labeled cells was visualized using FACSCanto™II (BD Bioscience). In flow cytometric analysis of splenocyte and blood, T cells were gated as the CD3 + cells, and NK cells were gated as the CD3 -NKp46 + Gr1 -cells.
Statistical analysis. All data are presented as the mean ± standard error of the mean. Statistical analysis was performed using one-way analysis of variance with Dunnett's test as a post hoc comparison. P<0.05 was considered to indicate a statistically significant difference. All data were analyzed using SPSS software (version 22.0; IBM Corp., Armonk, NY, USA).
Results
Tofacitinib treatment. The tofacitinib-treated group had significantly reduced numbers of NK cells in the blood and spleen compared with those in all other groups (P<0.001; Fig. 1A ). Compared with those in the vehicle-treated group, the number of NK cells in blood and spleen samples in the tofacitinib-treated group was decreased by 90 and 88%, respectively (Fig. 1A ).
In addition, the effect of tofacitinib treatment on the percentage of NK cell subsets defined by CD11b and CD27 surface expression was assayed to analyze NK cell activity (Fig. 1B) . The percentage of CD11b + CD27 -NK cells in the blood and spleen samples of the tofacitinib-treated group was significantly decreased compared with that in the other three groups. By contrast, the percentage of CD11b -CD27 -NK cell subsets was significantly increased in the tofacitinib-treated group compared with that in the other groups for blood and spleen analyses.
The number of CD4 + and CD8 + T cells in the blood samples of the tofacitinib-treated group was significantly decreased compared with that in the control and C26 cell-injected groups (Fig. 1C) . No significant differences were identified in the number of CD4 + (P=0.381) or CD8 + (P=0.189) T cells in the blood samples between the tofacitinib-treated and vehicle-treated groups.
In the spleen of the tofacitinib-treated group, the number of CD4 + and CD8 + T cells was significantly decreased compared with that in all the other groups (Fig. 1C) . The number of CD4 + and CD8 + T cells in the spleens of the tofacitinib-treated group was 39 and 51% lower, respectively compared with that in the vehicle-treated group.
In the experimental lung metastasis assay, no significant difference was observed in the lung weight among all groups (data not shown). The number of lung surface nodules was significantly increased in the tofacitinib-treated mice compared with that in the other three groups (vehicle-treated, 1.20±0.58; tofacitinib-treated, 35.6±10.81; all P<0.01; Fig. 1D ).
The following mice were excluded from this analysis: One mouse in the vehicle-treated group died prior to being injected with C26 cells due to trouble at surgery; two mice in the vehicle-treated group failed to receive the C26 injection due to mistake of tail vein injection; and one mouse in the tofacitinib group had problem at drug administration (failure of skin anastomosis).
MR16-1 treatment.
The blood NK cell numbers in the MR16-1-treated group were significantly decreased compared with those in the control group (Fig. 2A) . In the spleen, no significant differences were identified between groups. The percentage of CD11b + CD27 -NK cells in the blood and spleen was highest in all NK cell subsets in all groups, and the percentages of this subset in the MR16-1-treated group were not different among the other groups (Fig. 2B) .
The CD4 + and CD8 + T cell numbers in the blood of the MR16-1-treated group were not different from those of any other groups (Fig. 2C) . The CD4 + and CD8 + T cell numbers in blood exhibited similar results, although the CD4 + T cell number was decreased in the MR16-1-treated group compared with that in the control group (Fig. 2C) . In the splenocyte of the MR16-1-treated group, the CD4 + and CD8 + T cell number was significantly decreased compared with that in the rat IgG-treated group, but not with that in the control or C26-injected groups (Fig. 2C) .
In the experimental lung metastasis model, no significant difference was observed in lung weight (data not shown) or in the number of lung surface nodules between the MR16-1-treated group and any other groups (Fig. 2D) . For one mouse in the rat IgG group, the spleen cells could not be analyzed due to technical failure (missing the sample).
Etanercept treatment. The NK cell numbers in the blood of the etanercept-treated group did not differ from those of any of the other groups. The NK cell number in the spleens of the etanercept-treated group was not different from that in the human IgG-treated group, but was significantly increased compared with that in the control and C26-injected group (Fig. 3A) . The percentage of CD11b + CD27 -NK cells in blood and spleen was the highest of all the NK cell subsets in all the groups (Fig. 3B) . However, in the spleen, the percentage of CD11b + CD27 -NK cells of the etanercept-treated group was significantly decreased compared with that of the other groups. CD4 + and CD8 + T cell numbers in the blood of the etanercept-treated group were significantly decreased compared with those of the C26 only-injected group (Fig. 3C) . However, the CD4 + and CD8 + T cell numbers in the spleen were significantly increased in the etanercept-treated group compared with those in all other groups.
In the experimental lung metastasis assay, no significant difference was identified in the number of lung surface nodules between the etanercept-treated group and any other groups (Fig. 3D) . Representative images of the lungs of mice treated with tofacitinib, MR16-1 and etanercept are shown in Fig. 4 .
Discussion
In the present study, the effect of three cytokine signal inhibitors, tofacitinib, MR16-1 and etanercept, on NK cells, T cells and cancer metastasis was investigated. Only tofacitinib significantly enhanced cancer metastasis as determined by the number of lung surface nodules, with a significant decrease in NK cells in the mouse model.
Several previous reports have suggested that tofacitinib reduces NK cell counts in vivo (21, 22) . Clinically, tofacitinib does not significantly decrease NK cell counts in patients with RA (23) . However, the Food and Drug Administration has reported that NK numbers exhibit a dose-dependent decrease following tofacitinib treatment (24) . It was therefore suggested that tofacitinib reduces NK cells depending on the status of the patient. Additionally, it was reported that infiltration of CD8 + T cells into the tumor was associated with an improved prognosis, and that the depletion of CD8 + T cells reduces anti-tumor immunity and enhances growth and metastasis in a mouse lung metastasis model (10, 25, 26) . It is therefore assumed that NK and CD8 + T cell reduction following tofacitinib treatment can promote cancer metastasis. Tofacitinib is a JAK inhibitor that suppresses inflammatory signaling downstream of γ c -chain cytokines, IL-2, -4, -7 and -15 (22) . IL-15 has an important role in the life and death of NK and CD8 + T cells (27, 28) . It is considered that IL-15 inhibition following tofacitinib treatment is the main mechanism underlying the significant reduction observed in NK and CD8 + T cell numbers. Regarding the effect of tofacitinib on NK cell numbers and NK subsets in the present study, the results suggest that tofacitinib reduces total NK cell numbers and the percentage of the CD11b + CD27 -NK cell subset. It has been proposed that -NK subsets are present in proportion to maturation of murine and human NK cells (29, 30) . CD11b + CD27 -NK cells are considered to be effector cells, expressing a high level of CD107a and producing interferon (IFN)-γ and cytotoxic granules, including granzyme B and perforin (31) . It was suggested that perforin and IFN-γ in particular, produced by NK cells, have an important role in tumor surveillance (32, 33) . Therefore, it is considered that the CD11b + CD27 -subset has the most important role for immunosurveillance of cancer. Thus, in the current study, it was considered that the reduction of CD8 + and NK cell counts, and the inhibition of NK cell maturation following tofacitinib treatment promotes lung metastasis due to the activities described above.
Cancer metastasis and NK cell count was not significantly affected by MR16-1 treatment in the present study. IL-6 is an inflammatory cytokine that serves multiple roles, including developmental differentiation, proliferation, survival and anti-apoptosis of various cells (34) . These same signaling pathways serve to maintain cell progression towards neoplastic growth, protecting cells from apoptotic death (35) . With regards to NK cell activity, a previous study reported that human NK cells exposed to IL-6 exhibited reduced perforin and granzyme-B expression, which was recovered in the presence of the anti-human IL-6R Ab tocilizumab (36) . In that study, no significant differences in NK cell expression of CD69 or CD107a were observed between IL-6 transgenic, and wild-type mice. However, perforin and granzyme expression in NK cells was reduced in IL-6 transgenic mice compared with that in wild-type mice (36) . Therefore, it may be assumed that NK cell activity is inhibited by IL-6; however, in the present study, the IL-6R Ab did not affect NK cell numbers or maturation, and did not promote cancer metastasis in the lung metastasis mouse model.
Etanercept is a recombinant human TNF receptor-Fragment crystallizable (R-Fc) fusion protein that inhibits TNF-α activity (37) . Due to the immunosuppressive properties of this TNF-α inhibitor, it has been suggested that TNF-α inhibitor therapy may increase the risk of malignancy (38, 39) . However, a consensus has not been reached on whether this TNF-α inhibitor enhances carcinogenesis, tumor growth and metastasis in patients with cancer. The present study revealed no enhancement of lung metastasis in etanercept-treated mice. Etanercept has been reported to reduce the number and size of tumors in a spontaneous colon cancer mouse model associated with chronic colitis (40). Furthermore, blockade of TNF-α has been reported to inhibit lung metastasis in a mouse model (41, 42) . Concerning the effect of etanercept on NK cells, etanercept was reported to inhibit the production of transforming growth factor (TGF)-β1, which subsequently led to the inhibition of NK cells and cytotoxic activity (42) . In an experimental lung metastasis mouse model, etanercept inhibited TGF-β1 production, which induced IL-13, restored CD8 + cell cytolytic activity and reduced lung metastasis (42) . In the present study, there was a significant decrease in the percentage of CD11b + CD27 -NK cells in the spleen following treatment with etanercept compared with that in other groups. Accompanied by the decrease in the CD11b + CD27 -ratio, the ratio of CD11b -CD27 -and CD11b -CD27 + was increased; however, the ratio of CD11b + CD27 + to total NK cells was unchanged. However, the total NK cell count in the etanercept-treated group was significantly increased compared with that in the untreated control and C26-treated groups. Furthermore, no statistically significant differences were identified in the total count of CD11b + CD27 -NK cells in the spleen compared with those in other groups. The effect of etanercept may depend on the TNF-α status of the experimental model; for example, whether the model exhibits enhanced TNF-α expression or not. It was assumed that lung metastasis was not significantly enhanced following etanercept treatment in the present study, as etanercept exhibited little effect on NK cells. This finding does not conflict with previous studies reporting that TNF blockade inhibits carcinogenesis and cancer metastasis (41, 42) .
The present study has certain limitations. Firstly, the study used an experimental mouse model. Thus, the dose or administration method of each drug was referred from other previous experimental animal reports, and the clinical use of these drugs in humans may differ from the lung metastasis model used. In particular, tofacitinib is orally administered in humans, and therefore, it is unclear whether an increase in cancer metastasis would occur in patients with cancer following tofacitinib treatment as it did in the mice. Therefore, validation of the results of the current study in patients is warranted. Secondly, the present study used a normal mouse-bearing cancer cell line but not a RA mouse model. Thus, further studies are required to address these limitations.
Out of the three cytokine signal inhibitors evaluated in the present study, only tofacitinib significantly enhanced lung metastasis with inhibition of the proliferation and differentiation of NK cells in the lung metastasis mouse model. These data suggest that agents that reduce NK cell numbers have the potential to promote cancer metastasis. Monitoring of the NK cell number in patients with RA treated with cytokine signal inhibitors may be important in reducing the risk of cancer.
